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Article
Multi-axis vibration isolation using
different active techniques of
frequency reduction
Ahmed Abu Hanieh1 and Andre Preumont2
Abstract
This paper demonstrates a new idea for vibration isolation. Two different techniques of frequency reduction are pre-
sented here; the first technique depends on using an active embedded control system with proportional plus integral
compensator to reduce the stiffness and corner frequency of the isolator in an active state while keeping high rigidity in a
passive state. This type of isolation has proven the ability to reduce the frequency modes to about 50% of the natural
frequencies in a passive state. The second technique is based on using phase lead and lag compensators on the unity gain
points of the open-loop transfer function. This document will concentrate on single axis isolation although the men-
tioned isolator can be used as one active leg (strut) in six-axis isolators (Stewart platforms). The experimental results
show as well as the simulation ones that these frequency reduction techniques have high performance on the discussed
single-axis systems which makes it promising to be applied on multi-axis systems.
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1. Introduction
Vibration isolation is becoming more and more strin-
gent as the mechatronic systems are advancing and
developing in space and ground applications. In order
to obtain high performance from the vibration isolator,
the corner frequency should be as low as possible
(Rahman et.al., 1994; Preumont, 2002; Abu Hanieh,
2003). This leads the researchers to reduce the fre-
quency by the following ways:
– increase the mass of the equipment needed to be iso-
lated or to reduce the stiﬀness to have soft isolation
mounts either in single or two stages (Nelson, 1991).
– using a hybrid, soft and stiﬀ mounts, with velocity
feedback using phase lag and phase lead compensa-
tors on the unity gain points (TMC, 2002).
– using totally stiﬀ mount isolator with proportional
plus integral feedback compensator.
Increasing the mass or inertia is problematic speciﬁ-
cally in space applications because of the limitations on
the weights can be transported to space (Karnopp and
Trikha, 1969; Kaplow and Velman, 1980). On the other
hand, reducing the mount stiﬀness leads to diﬃculties
in stability of the systems under normal loads in ground
applications and ground tests. This paper will present a
stiﬀ mount that can be used for the purpose of vibra-
tion isolation. This stiﬀ mount can be softened in active
ways by using a simple proportional plus integral (PI)
compensator. This stiﬀ mount isolator can be used as
the active strut (leg) of six-axis Stewart platform inter-
face with piezoelectric actuators to reduce the stiﬀness
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and corner frequency of the interface in active mode
while keeping high stiﬀness and rigidity in passive
mode (Abu Hanieh, 2003). The ﬁrst part of this paper
will present the main objectives of vibration isolation
and some previous eﬀorts in soft and stiﬀ isolation
mounts. The theory, design and control of the sug-
gested isolator will be demonstrated in the next part.
More concentration will be on simulation results for the
system. Experimental results on single and two degrees-
of-freedom systems using the idea of frequency varia-
tion will be shown in the last part.
Finally, conclusions and future work will be dis-
cussed at the end of the paper.
2. Single axis isolator using a
piezo stack and intermediate
passive mount
Several previous works have been invented to reduce
the frequency of the isolation system using piezoelectric
actuators. A single-axis vibration isolation system
(Quiet pier) has been invented by the Technical
Manufacturing Corporation (TMC) to solve the prob-
lem of the high corner frequency when using a piezo-
electric actuator (TMC, 2002). This system (in Figure 1)
consists of a piezoelectric actuator represented by its
extension  and stiﬀness k, a payload mass m1 and an
intermediate passive mount. The intermediate mount
consists of a mass M and an elastomer with a stiﬀness
k1 and a damping factor c1. The isolator frequency
formed by the stiﬀness of the actuator k and the inter-
mediate mass M is equal to 1000Hz. The passive elas-
tomer (represented by the spring k1 and the dashpot c1)
forms a new resonance with the payload mass m1 equals
to 20Hz. The two stiﬀness values, k and k1 are in series;
this results in having the corner frequency of the system
corresponding to the lower stiﬀness k1. A geophone
velocity sensor is installed at the intermediate mass
M. The active control strategy is based on feeding the
signal of the geophone back to the piezoelectric actua-
tor after being properly ﬁltered and ampliﬁed. This
inertial feedback leads to quiet the intermediate mass
M which results in isolating the motion xc1 of the pay-
load mass m1 from the seismic disturbance xd. The
system can be represented in Laplace transform by
the following equations of motion:
The intermediate mass:
Ms2xc ¼ kðxd  xc þ Þ  k1ðxc  xc1Þ
c1sðxc  xc1Þ ð1Þ
The payload mass:
m1s
2xc1 ¼ k1 xc  xc1ð Þ þ c1s xc  xc1ð Þ ð2Þ
Figure 2 shows the open-loop frequency response
function (FRF) between the voltage input to the actuator
and the velocity measured by the geophone. The gain
(magnitude) of the open-loop transfer function climbs
at 40dB/decade then levels at 40dB when it reaches to
4.5Hz at the resonance frequency of the geophone. The
geophone acts as a second order high-pass ﬁlter that cuts
the signals oﬀ below 4.5Hz. The high frequency attenu-
ation is achieved by locating a low-pass ﬁlter at 300Hz
(before the resonance of the piezoelectric actuator).
A lag compensator is placed near the low frequency
unity gain point (at 0.2Hz), and a lead compensator is
placed near the high frequency unity gain point (at
350Hz). The advantage of adding this lag-lead compen-
sation is to reduce the ampliﬁcations (overshoots) that
appear at the unity gain points when the loop is closed.
Figure 3 shows the transmissibility FRF between the
seismic disturbance displacement xd and the sensitive
payload displacement xc1. The overshoots caused by
inertial feedback can be seen clearly on the two unity
gain points of the closed-loop FRF. Using a phase lag
compensator near the low unity gain frequency reduced
the overshoot which means better transient response
and lower settling time.
Similarly, using a phase lead compensator near the
upper unity gain frequency could increase the phase
margin which improves the stability conditions of the
system. One can see clearly that despite using a hard
piezoelectric actuator, the passive vibration isolation
occurs here near the low frequency resonance of the
passive mount (20Hz). Moreover, the closed-loop
active vibration isolation occurs much lower than that
(at 0.2Hz) leading the system to have a high isolation
performance for a wide band of disturbances.
Figure 1. TMC single axis isolator using intermediate
soft mount.
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3. Single axis piezoelectric isolator
using PI controller
Consider the schematic drawing shown in Figure 4.
This ﬁgure represents a vibration isolation interface
with the disturbance source (mass m), the sensitive pay-
load (mass M), a force sensor F and a piezoelectric
actuator represented by its stiﬀness k and extension .
PI feedback controller is used here to reduce the corner
frequency and improve the response. This system can
be used as an active strut for the previously mentioned
Stewart platform. As an application for the frequency
reduction, one can imagine adaptive structures that can
change their resonance frequency instantaneously to
avoid being excited when the excitation frequency
approaches a resonance.
The active feedback controller is applied by acquir-
ing the signal measured by the force sensor and feeding
it back to the piezoelectric actuator after being ﬁltered
and compensated with PI compensator. The PI control-
ler
g
ks
1þ asð Þ
h i
consists of an integration controller
with a gain g plus a proportional controller with a
gain ga, the gain is normalized with the stiﬀness k.
The force on the payload is measured and fed back to
the actuator after being processed by the PI controller.
The governing equation of motion for the system in
Laplace transform is:
Ms2xc ¼ ms2xd ¼ k xd  xað Þ ¼ F ð3Þ
and
 ¼ xc  xa ð4Þ
Figure 2. Open-loop FRF of TMC single axis isolator.
Figure 3. Transmissibility FRF of TMC single axis isolator.
Figure 4. Single axis piezoelectric isolator with PI feedback.
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The open-loop FRF between the extension of the
piezoelectric stack in the piezoelectric actuator  and
the output of the force sensor F reads:
F

¼ k Mms
2
Mms2 þ k Mþmð Þ ð5Þ
Applying a force feedback control strategy using a
proportional plus integral compensator, the control law
reads:
 ¼ g
ks
1þ asð ÞF ð6Þ
Here ga is the proportional gain and g is the inte-
gral gain. The root locus for the closed-loop poles
of this system is shown in Figure 5; it shows that
increasing the loop gain decreases the frequency of
the closed-loop poles. If the proportional term is used
alone, the poles will move on the imaginary axis
towards the origin but this means the risk of destabiliz-
ing the system at any instant. The use of the integral
controller here pushes these poles deeper to the left half
plane increasing the stability.
From the analytical calculation, the intermediate
displacement xa is:
xa ¼ sxc þ g asþ 1ð Þxd
sþ g asþ 1ð Þ ð7Þ
From the foregoing equations, one can calculate the
transmissibility FRF between the disturbance displace-
ment and the payload displacement, which is equal to:
xc
xd
¼ 1
s2 1þ gað Þ=!2n
 þ s g=!2n þ 1 ð8Þ
Where !n is the natural frequency of the system.
This implies that the corner frequency !c of the
system is determined by the proportional gain of the
compensator:
1
!2c
¼ 1þ ga
!2n
ð9Þ
The damping of the system is determined by the gain
g of the compensator
g
!2n
¼ 2
!c
ð10Þ
If !n is much larger than !c then
!2n
!2c
 ga
ga
k
¼ 1
M!2c
¼ 1
k
ð11Þ
Here (1/k*) is the closed-loop ﬂexibility of the system
and is proportional to the gain. From the foregoing
analysis, one can see that the closed-loop stiﬀness of
the system is inversely proportional to the control
gain; in other words, if one increases the proportional
gain, the stiﬀness is reduced.
4. Simulation results
The system shown in Figure 4 has been simulated using
Matlab software. The simulation was based on the pre-
vious analysis of the system taking the mass m as 1.1 kg,
the mass M as 1.7 kg and the stiﬀness of the piezoelec-
tric actuator k as 1*107N/m. Figure 6 depicts the root
locus prediction that the poles should follow when the
Figure 5. Root locus of single axis piezoelectric isolator with PI feedback.
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control loop is closed. The root locus shows that the
poles will remain in the left hand side of the s-plane
which means that the system is unconditionally stable
unless a high-pass ﬁlter is added to the system which
restricts the control performance. On the other hand,
the loop of the plot is not moving in a circular shape
which means that when we increase the gain of the
controller the distance between the pole and the
origin will be shorter leading to slow down the poles
or to reduce the frequency of the corresponding mode.
Theoretically, the poles will move till reaching criti-
cal damping but in real time work this is impossible as
will be shown in the experimental veriﬁcation part.
Figure 7 shows the transmissibility FRF (xc/xd)
before and after stiﬀness reduction using PI controller.
5. Experimental verification
The experimental set-up shown in Figure 8 has been
built and tested to verify the principle of using PI feed-
back control technique for the purpose of active vibra-
tion isolation by frequency reduction in a manner
similar to the analysis of the set-up discussed theoreti-
cally in the previous section. The experimental set-up
shown in Figure 8 consists of two masses (1.1 and
1.7 kg) connected to each other by an active member.
The active member consists of a Cedrat APA50 piezo-
electric actuator, a B&K 8200 piezoelectric force sensor
with charge output and two ﬂexible joints to avoid the
side eﬀect of the lateral modes of the system by decou-
pling these modes mechanically from the axial studied
mode.
In order to apply the feedback control technique, the
signal produced by the force sensor, attached to the
payload mass (1.7 kg), is ampliﬁed and conditioned
using a Nexus charge ampliﬁer and converted into
Figure 7. Predicted transmissibility from simulation results.
Figure 6. Root locus prediction.
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voltage signal. A high-pass ﬁlter at 1Hz and a low-pass
ﬁlter at 10 KHz have been applied, using the built-in
ﬁlters in the charge ampliﬁer, to limit the bandwidth of
the system and to prevent the controller from the high
frequency disturbing signals as well as from the low
frequency wandering signal. From the output of the
charge ampliﬁer, the signal is acquired, converted to
digital signal and fed into a PC digital signal processor
(DSP) in which the PI compensator is built digitally.
The ﬁltered and compensated signal is converted to
analog signal again to be taken out from the DSP
output to the voltage ampliﬁer and ﬁnally to the piezo-
electric actuator which, in turn, acts against the mea-
sured vibration motion.
Using an external shaker, the system has been
excited with a random signal ranging from 1 to
800Hz and the transmissibility FRF between the dis-
placement of the disturbance source body and that of
the payload mass is measured. The resonance of the
system is found at 500Hz. A feedback system with a
PI control law is applied to the system and the same
FRF measured again. Figure 9 shows the two measured
FRFs: the open-loop (before stiﬀness reduction) and
the closed-loop (after stiﬀness reduction). The natural
frequency of the system has been reduced 50%; from
500Hz to 250Hz. The maximum reduction has been
obtained by increasing the gain of the proportional
part of the compensator, but this leads to the risk of
walking along the imaginary axis which can lead to
instability if the surrounding conditions change slightly.
Thus, there is a need to increase the integral gain too at
the same time to increase the stability margin of the
system and to reduce the overshoot in the resonance
vicinity. Figure 10 shows a comparison between simu-
lation and experimental results for the single axis vibra-
tion isolator. This ﬁgure shows the good matching
between the two curves in open-loop before frequency
reduction and in closed-loop after frequency reduction.
6. Mechanical truss structure
In the same context, another experiment has been done.
The same control technique has been applied to the truss
structure shown in Figure 11. The truss contains two
active struts like the one shown in Figure 14 replacing
two passive members. These two struts are used for the
purpose of adding active damping to the system. The
signals of the two force sensors, in the two active struts
of the truss, have been ﬁltered using the (PI) compensa-
tor in a DSP and fed back to the piezoelectric actuators.
Figure 8. Experimental set-up of single axis piezoelectric isolator.
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The two control loops have been closed independently,
forming a decentralized controller. Again, by increasing
the proportional gain, the stiﬀness of the active struts in
the structure has been reduced signiﬁcantly. Figure 12
shows the ﬁrst two modes of the FRF between the
voltage input to one of the actuators and the force
output from the collocated force sensor.The open-
loop FRF (before stiﬀness reduction) shows that the
two modes are located at 8.8 and 10.5Hz. Using this
control technique, they have been moved to 2.6 and
Figure 10. A comparison between simulation and experimental results.
Figure 9. Experimental transmissibility (xc/xd).
Hanieh and Preumont 765
5Hz, respectively. A potential application of this is the
adaptation of structural resonances to a narrow band
disturbance of variable frequency.
7. Six-axis stewart platform
Figure 13 shows a picture of the Universite´ Libre de
Bruxelles (ULB) piezoelectric Stewart platform;
Figure 13(a) shows the complete Stewart platform where
the connectors are the inputs to the actuators and the wires
are the outputs of the sensors; Figure 13(b) shows the hexa-
pod with the upper plate removed to show the details and
conﬁguration of the legs. The hexapod consists of two par-
allel plates connected to each other by six active legs. The
legs are mounted in such a way to achieve the geometry of
cubic conﬁguration. Each active leg consists of a force
sensor (B&K 8200), an ampliﬁed piezoelectric actuator
(Cedrat APA50s) and two ﬂexible joints as shown in
Figure 14. In the ideal situation, the hexapod needs to be
hinged using spherical joints, but to avoid the problem of
friction and backlash, ﬂexible tips are used instead of
spherical joints. These ﬂexible tips have the following prop-
erties: zero friction, zero backlash, high axial stiﬀness and
relatively low bending stiﬀness. The bending stiﬀness of
these joints makes a limitation for the active control
authority, because it shifts the transmission zeros which
decreases the closed-loop performance (Abu Hanieh
et al., 2002; Preumont et al., 2002).
This interface has been used so far for the purposes
of active damping and precision pointing only because
Figure 12. Experimental FRF between extension of the actuator and force in the leg.
Figure 11. Passive mechanical truss with two active legs.
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of high stiﬀness and rigidity in the legs. This six
degrees-of-freedom interface can be used for active
isolation of vibrations if the corner frequency of the
interface is reduced and this can be done by the previ-
ously mentioned frequency reduction technique using
PI controller.
The governing equation of motion in Laplace trans-
form for the system is:
Ms2xþ Kx ¼ Bk ð12Þ
where M is the mass matrix of the mobile platform, K
is the stiﬀness matrix of the legs, d is the extension
vector of the legs, k is the axial stiﬀness of the leg
and B is the force Jacobian matrix that relates the
six forces measured by the force sensors in the legs
to the forces and torques of the mobile plate in the
six degrees-of-freedom. Here, kd represents the force
exerted by the piezoelectric actuator.
The sensor attached to the leg is the force sensor, this
leads to the output equation:
y ¼ k BTx   ð13Þ
where y is a vector contains the six output readings
of force sensors in the legs. The PI control equation
reads:
d ¼ g
ks
1þ asð Þy ð14Þ
or
d ¼ gþ gas
1þ gþ gasB
Tx ð15Þ
This leads to the closed loop equation:
Ms2 þ K BkBT gþ gas
1þ gþ gas
  	
x ¼ 0 ð16Þ
The previous equations show that increasing the
proportional gain ga will subtract the second term
from the stiﬀness which decreases the total stiﬀness of
the system leading to reduce the natural frequency.
While increasing the integration gain g leads to add
some damping to the isolator increasing the stability
of the control system.
8. Conclusions
The analytical, simulation and experimental result dis-
cussed in this paper prove clearly that frequency varia-
tion is a reasonable method that can be used in
vibration isolation by reducing the corner frequency
of the system. Another application for this method is
to simultaneously escape from excitations by rapid
changing. This is possible by using rapid piezoelectric
actuators that are stiﬀ enough to stand under loads and
can be softened for the purpose of vibration isolation.
A future work to be done on this method is to apply it
experimentally on a multi function six degrees-of-free-
dom interface (Stewart platform). Simulation proved
that the corner frequency can be reduced to low levels
Figure 13. ULB stiff Stewart platform.
Figure 14. Active leg of the ULB stiff Stewart platform.
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but it was diﬃcult to reach that level experimentally
because of the misalignment of the experimental set-
up that causes coupling with other exciting modes lim-
iting the robustness and performance of the system.
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